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The frozen solution structure of p21 ras determined by ESEEM
spectroscopy reveals weak coordination of Thr35 to the active
site metal ion
Christian T Farrar1†, Christopher J Halkides2‡ and David J Singel3*
Background: The G protein p21 ras is a molecular switch in the signal
transduction pathway for cellular growth and differentiation. Hydrolysis of tightly
bound GTP alters the conformation of p21, terminating the signal. The
coordination of the p21 residue Thr35 to Mg2+ in its active site, which has been
observed in the crystal structure of p21 in complex with a GTP-analog
GMPPNP but not with GDP, has been proposed to drive the conformational
change accompanying nucleotide substitution and may have a role in the GTP
hydrolysis reaction itself. However, previous electron spin-echo envelope
modulation (ESEEM) studies of selectively 2Hβ-threonine and 15N-threonine
labeled p21.Mn2+GMPPNP suggest that Thr35 only weakly coordinates the
metal ion in the growth-active GTP-bound state of p21.
Results: A 13Cβ-Thr35 to Mn2+ distance of 4.3 ± 0.2 Å and a 15Nε-Lys16 to
Mn2+ distance of 5.3 ± 0.2 Å were determined from ESEEM spectra of the
selectively 13Cβ-Thr and 15Nε-Lys labeled p21.Mn2+GMPPNP frozen solution
structure. The 13Cβ-Thr35 to Mn2+ distance is greater than that (3.16 Å)
observed in the crystal structure. In contrast, the 15Nε-Lys16 to Mn2+ distance
is in good agreement with the 5.1 Å crystal structure distance. 
Conclusions: The 13Cβ of Thr35 is more distant from the active site Mn2+ in
the frozen solution structure than in the crystal structure of p21.Mg2+GMPPNP,
indicating that Thr35 only weakly coordinates the metal ion in frozen solution.
Thr35 coordination of the metal ion is therefore unlikely to drive the
conformational change between GTP- and GDP-bound states of p21. Thr35
may be essential for GTPase-activating protein (GAP)-stimulated GTP
hydrolysis and/or signal transduction for other reasons.
Introduction
X-ray crystallography and fluid solution NMR spec-
troscopy have proven to be powerful tools for elucidating
the structures of many biological molecules. There are
systems of interest, however, which are not accessible by
these techniques. X-ray crystallography is limited to
systems for which high quality crystals can be obtained —
large proteins, protein–protein complexes, and mem-
brane-bound proteins are therefore often difficult or
impossible to solve. Furthermore, intermolecular contacts
in the crystal can complicate the analysis of the structure.
Solution structure studies by NMR spectroscopy have
been limited to relatively small molecules of < 25 kDa,
because of the inherent increased linewidths and spectral
congestion obtained in spectra of larger proteins. The
development of solid-state electron spin-echo envelope
modulation (ESEEM) techniques [1–5], in which cou-
plings between a paramagnetic center and isotope-labeled
nuclei are selectively probed, has opened up new possibil-
ities for the detailed local structural characterization of the
active sites of many systems that were previously
intractable. The two advantages of ESEEM spectroscopy
are its selectivity for nuclei near the paramagnetic active
site and its applicability to non-crystalline solids, such as
frozen solutions.
A major area of ESEEM spectroscopy is the analysis of the
depth of spin-echo modulation effects induced by nuclei
‘weakly’ coupled to a paramagnetic center — nuclei for
which the magnetic interaction with the electron spin
probe (termed the hyperfine interaction) is much smaller
than the interaction with the external magnetic field
(termed the nuclear Zeeman interaction). This weak cou-
pling regime has been exploited in numerous applications
[4–6], including the study of proteins. As a tool for struc-
tural characterization, such ESEEM studies have been
most effective when combined with exogenous isotopic
labeling. For example, Collman et al. [7], in studies of
p450 succinase, employed deuterium-labeled cholesterol,
an enzyme substrate, to examine structural aspects of the
paramagnetic heme–Cu active site. More recently, Mims
et al. examined the distances of deuterium exchangeable
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protons from the Fe3+ active site of cytochrome C after
exchange against D2O [6]. To date, however, the novel
approach of selective isotopic labeling of endogenous
protein residues to characterize the active-site structure
has not been widely employed. We have reported studies
of selective 13C- 15N- and 2H-labeled H- and N-ras p21,
each in its two conformational states, in which Mn2+ has
been substituted for the active site Mg2+ , enabling us to
probe the p21 active site [8,9]. In this paper, we consider
different methods for extracting electron–nuclear dis-
tances from ESEEM spectra, address the validity of these
techniques and specifically apply them to determine the
distances of key residues from the paramagnetic metal
active site of p21.
The 21.6 kDa guanine nucleotide binding protein, p21, is
encoded by the ras genes [10] and acts as a molecular
switch in the signal transduction pathway for cellular
growth and differentiation. The growth signal is transmit-
ted downstream by the activation of raf, a protein
(serine/threonine) kinase, upon its recruitment to the cell
membrane by p21.Mg2+GTP [11]. Conversion from the
growth-promoting Mg2+GTP state to the quiescent
Mg2+GDP state of p21 involves significant conforma-
tional changes in several regions of the protein [11,12].
These conformational changes in p21 are normally pro-
moted upon the binding of the GTPase-activating
protein (GAP) which increases the intrinsic GTPase rate
105-fold [11,12]. GAP is not effective, however, in termi-
nating growth signals in the mutated forms of p21, com-
monly found in many types of human cancer cells [13,14].
X-ray crystallographic studies of the structures of various
forms of p21 have lead to several proposed models for the
mechanism of GTP hydrolysis and for the obstacles
blocking the hydrolysis, set by oncogenic mutations. In
particular, the coordination of Thr35 to the metal center,
observed in the crystal structure of p21 bound to the
GTP analog 5′-guanylylimido diphosphate (GMPPNP),
but not in the GDP-bound structure, has been argued to
drive the conformational change that accompanies
nucleotide substitution and is also thought to play an
important role in the GAP-catalyzed GTPase reaction
itself [15,16]. However, the relevance of these studies of
free p21 proteins (not in complex with the proteins that
regulate its activity) to the mechanism of GAP-promoted
GTP hydrolysis is unclear. Furthermore, previous frozen
solution ESEEM studies of Mn2+-substituted p21 with
selective 2Hβ-Thr and 15N-Thr labeling suggest that
Thr35 is only weakly coordinated in the
p21.Mn2+GMPPNP state [9]. The 13Cβ label on Thr35,
however, provides a better estimate of the distance
between Mn2+ and the hydroxyl oxygen of Thr35 which
is thought to coordinate the metal ion. 
In the work reported here, ESEEM spectroscopy of both
uniformly and selectively isotope-labeled samples is used
to determine the distances of residues Thr35 and Lys16
from the paramagnetic metal ion active site of p21. This
work represents the first use of ESEEM spectroscopy on a
uniformly labeled protein. Our ESEEM studies rely on
the fact that the nuclear Zeeman frequency identifies the
type of coupled nucleus, whereas the signal amplitude
measures the strength of the electron–nuclear hyperfine
coupling and the number of coupled nuclei [17]. For
weakly coupled nuclei the ESEEM signal amplitudes are
governed largely by the anisotropic hyperfine interaction,
which can be modeled as a classical point-dipole inter-
action between electron–nuclear spin pairs [18–20]. The
contribution of a specific nucleus to the total ESEEM
signal amplitude scales with the square of the dipolar cou-
pling and thus varies as 1/r6. When the isotope label is
incorporated at several places in the structure, the
ESEEM signals are not spectrally resolved (in the weak
coupling regime) — the total ESEEM signal entails con-
tributions from all of the isotope labels and is proportional
to Σniri–6, where ni is the number of equivalent nuclear
labels at distance ri from the paramagnetic center. The
ESEEM spectrum of a protein with isotope labels on all of
the residues of a given type (e.g. threonine or lysine) will,
however, often be dominated by the single label on the
closest residue to the paramagnetic center because of the
selectivity introduced by the 1/r6 weighting of contribu-
tions. Accordingly, nuclear modulation amplitudes can be
analyzed within the ‘single nucleus approximation’ [9] to
obtain a lower bound value of the distance from the para-
magnetic center to the nearest, isotope-labeled, amino
acid residue. The selectivity of the ESEEM effect, thus,
makes it possible not only to take advantage of the relative
ease of labeling all residues of a certain amino acid type, as
opposed to the labeling of a single residue, but also, as
described here, to obtain structural information directly
from uniformly labeled samples. 
In particular, we demonstrate the utility of comparing
ESEEM signal amplitudes in samples made with, alterna-
tively, selective or uniform isotopic labeling for facilitating
measurements of electron–nuclear distances and for veri-
fying distance constraints obtained by detailed simulation.
Selective-to-uniform ESEEM amplitude ratios are also
shown to provide a simple means for testing the consis-
tency of crystallographic structures and structural informa-
tion obtained in frozen solution by ESEEM spectroscopy.
From a comparison of crystal structure predicted and
experimentally observed selective-to-uniform signal
amplitude ratios, we find that 13Cβ- and 15N-Thr35 are
more distant from the active site metal ion in frozen solu-
tion (4.3 Å and 5.1 Å, respectively) than in the crystal
structure (3.16 Å and 3.80 Å, respectively) of
p21.Mn2+GMPPNP. In contrast, we find excellent agree-
ment between the crystal and frozen solution structures
for the position of 15Nε-Lys16. The large 13Cβ-Thr35 to
Mn2+ distance supports our view that the coordination of
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Thr35 to the active site metal ion is a consequence of the
conformational change accompanying GTP hydrolysis,
rather than its driving force.
Results
Experimental ESEEM spectra of uniformly labeled protein
The 13C and 15N nuclear Zeeman signals, observed in
spectra of uniformly 13C- and 15N-labeled p21.Mn2+GDP
(Figure 1) and p21.Mn2+GMPPNP (Figures 2 and 3), are
easily discernible. In particular, the 13C signal dominates
the spectra, despite its partial overlap with the low fre-
quency, ‘matched’ 31P fundamental signal [8,21]. There is
no evidence in either protein state, GDP or GMPPNP,
that any carbon nucleus sustains a Fermi contact inter-
action with the Mn2+, as would be expected if the
hydroxyl group of Thr35 were directly coordinated to
Mn2+. 13C sum combination peaks are also observed in the
two-pulse ESEEM spectra (Figures 1 and 2) of uniformly
labeled samples. These sum combination peaks have
proven quite useful in determining distances in cases
where spectral congestion complicates analysis of the 13C
fundamental peak [9]. On the basis of the large signal-to-
noise ratio of the uniformly labeled samples, it is clear that
any selectively labeled samples with peak intensities
greater than 5% of the uniform peaks should be easily
detectable. A selectively labeled sample with an 15N or
13C nucleus 6 Å distant from Mn2+ would produce signals
of about this size; we therefore take 6 Å as our limit of
detectability for either 13C or 15N. The lack of detectable
signals arising from naturally abundant nuclei in unlabeled
samples provides further support for this distance limit of
6 Å. The ESEEM signal from naturally abundant 13C is
equivalent to that of a single labeled 13C nucleus at 6 Å
from Mn2+. For 15N, which has both a smaller natural
abundance as well as a smaller number of nuclei in the
protein, the equivalent distance limit is 8.5 Å. Unlabeled
samples of p21 do not show detectable signals from 13C or
15N nuclei, under our experimental conditions; we thus
surmise that a single 13C or 15N label more distant from
Mn2+ than 6.0 Å or 8.5 Å, respectively, would not be
observable.
Prediction of the 15N and 13C selective label signal
amplitudes
In order to guide the rational selection of targets for selec-
tive isotope labeling, it is convenient to make use of prior
structural models that suggest amino acids with nuclei at
distances from the paramagnetic center which fall within
our limit of detectability. The crystal structures of p21
should certainly provide a good approximation of the solu-
tion structure, and thus be useful in establishing such
experimental tactics. The 6 Å neighborhood around the
Mn2+ active site, as determined by the crystal structures of
p21 [15,22], encompasses nitrogen and carbon nuclei from
residues found in three regions of the protein — the phos-
phate-binding region (involving residues 12–18), the
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Figure 1
Two-pulse ESEEM cosine transform spectrum of uniformly 13C and
15N labeled p21.Mn2+GDP. The peaks centered at 3.39 and 6.77 MHz
are the 13C Zeeman and sum combination peaks, respectively. 15N and
1H Zeeman peaks are apparent at 1.37 and 13.41 MHz, respectively.
The antiphase peak centered at 11.33 MHz is the 31P sum
combination peak. The spectrum was acquired at an EPR excitation
frequency of 8.158 GHz and field strength of 3163 Gauss. The
experimental dead time was 157 ns.
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Figure 2
Two-pulse ESEEM cosine transform spectrum of uniformly 13C and
15N labeled p21.Mn2+GMPPNP. The peaks centered at 3.19 and
6.38 MHz are the 13C Zeeman and sum combination peaks,
respectively. 15N and 1H Zeeman peaks are apparent at 1.30 and
12.70 MHz, respectively. The antiphase peak centered at 10.48 MHz is
the 31P sum combination peak. The spectrum was acquired with an
EPR excitation frequency of 8.784 GHz and field strength of
2791 Gauss. The experimental dead time was 200 ns. 
0 5 10 15 20
13C 13C
31P 1H15N
Frequency (MHz)
effector-binding region (residues 32–40) and loop L4
(residues 59–65) [15,23]. It is from these three regions of
the protein that we may expect selective labeling to prove
fruitful in obtaining modulation of the electron spin-echo
due to electron-nuclear hyperfine couplings. The field of
view, in these ESEEM experiments, is thus focused on
these regions.
The relative contributions to the ESEEM signal amplitude
from each of the observable nuclei near the p21 active site
in a uniformly labeled sample can be predicted from dis-
tances obtained from the p21.GMPPNP crystal structure
[15], using the 1/r6 ESEEM amplitude weighting. As the
electron paramagnetic resonance (EPR) excitation is not
orientationally selective, the weighting involves only the
electron–nuclear distances. The predicted 1/r6 contribution
to the signal amplitude of each nucleus (j), χj, is normal-
ized by the sum of amplitudes for all nuclei in the protein:
The predicted 13C and 15N ESEEM amplitude contribu-
tions are plotted in Figures 4 and 5, respectively, as a
function of distance from the metal center. The number
of contributing nuclei in each 0.5 Å-distance cell is also
indicated. The predicted amplitudes provide a vivid picto-
rial representation of the distance selectivity of ESEEM
spectroscopy for nuclei within ~6 Å of the paramagnetic
Mn2+ active site. From Figures 4 and 5 it is evident that
although the majority of the signal amplitude cannot be
attributed to a single isotope label, there are a limited
number of principal contributors to the ESEEM signal
amplitude for the Mn2+GMPPNP bound state of the
protein. In particular, almost 50% of the predicted signal
intensity for the 13C nuclei in p21.Mn2+GMPPNP can be
attributed to the two 13Cβ nuclei of Thr35 (27.3%) and
Ser17 (23.6%) — located between 3.0 and 3.5 Å from the
metal ion. Smaller contributions arise from the 13Cα of
Ser17 (6.1%), 13Cα (5.8%) and 13Cγ (5.1%) of Thr35, and
the 13Cγ of Asp57 (3.0%). Even more striking are the two
amide 15N nuclei of Thr35 (34.6%) and Ser17 (32.2%),
located 3.5–4.0 Å from the metal ion, which constitute
almost 70% of the total signal intensity of uniformly 15N-
labeled p21 in the GMPPNP-bound state. Smaller contri-
butions are predicted for the amide (4.3%) and ε-amino
(5.9%) nitrogens of Lys16. This ESEEM amplitude map,
in conjunction with the overall signal-to-noise ratio evi-
denced in the ESEEM spectrum of the uniformly labeled
sample, indicates that selective 15N and 13C labeling of
serine and threonine amino acids should yield readily
observable ESEEM signals, whereas selective labeling of
aspartate and lysine amino acids would yield smaller, but
still detectable, modulations. To illustrate this behavior,
we focus the attention on a 13Cβ-Thr and 15Nε-Lys selec-
tively labeled sample of p21.Mn2+GMPPNP.
Experimental ESEEM spectra of selectively labeled protein 
The 13C ESEEM signal amplitude in a 13Cβ-labeled 
threonine (and 15Nε-labeled lysine) sample of
p21.Mn2+GMPPNP is predicted to be 27% of that observed
χj r r (1)j i6 6= ∑− −/
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Figure 3
Three-pulse ESEEM modulus transform spectrum of a uniformly 13C
and 15N labeled p21.Mn2+GMPPNP sample. Both the 13C and 15N
peaks are expressed at t = 352 ns. The peaks centered at 1.45, 3.56
and 14.18 MHz are the 15N, 13C and 1H Zeeman peaks, respectively.
The spectrum was acquired at an EPR excitation frequency of
9.786 GHz and field strength of 3295 Gauss. The experimental dead
time was 200 ns.
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Figure 4
Contribution (%) of selective carbon nuclei to the uniform 13C ESEEM
signal amplitude as a function of distance from Mn2+ in the GMPPNP-
bound state of p21. The contribution of a selective nucleus to the
uniform 13C signal amplitude is weighted by its crystal structure distance
from the active site as r–6. The number of carbon nuclei contributing to
each 0.5 Å distance cell is indicated above each respective cell.
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for the uniformly labeled sample. This ESEEM amplitude
ratio is based on the crystal structure, which has a
13Cβ-Thr35 to Mn2+ distance of 3.16 Å. Comparison of
frozen solution ESEEM spectra of Figures 2 and 6 (two-
pulse) or Figures 3 and 7 (three-pulse), however, clearly
reveals that this prediction is not borne out experimentally.
The 31P low frequency matched peak in Figure 6 almost
completely obscures the 13C Zeeman peak. The 13C peak is
only observed as a poorly resolved shoulder on the low fre-
quency 31P peak. The 13C sum combination peak, observed
at 7.4 MHz, is more easily resolved. The 13C sum combina-
tion signal constitutes less than 7.5% of the uniform label
13C sum combination signal amplitude. Simulation of the
13C three-pulse ESEEM peak (Figure 7) provides a lower
bound estimate of the distance from Mn2+ to 13Cβ-Thr35 of
4.3 ± 0.2 Å; this is considerably greater than the X-ray
crystal structure value of 3.16 Å.
In contrast to the threonine result, simulation of the three-
pulse 15Nε-Lys16 ESEEM peak amplitude extracts a dis-
tance from this atom to Mn2+ of 5.3 ± 0.25 Å in good
agreement with the crystal structure distance of 5.12 Å.
From the crystal structure we expect 15Nε-labeled lysine
to constitute only 5.9% of the uniform label signal inten-
sity. Experimentally, the 15Nε-Lys16 peak in the ESEEM
spectra is, however, found to constitute 10.5% of the
uniform label signal amplitude. Comparisons of distances
determined alternatively by X-ray crystallography or by
detailed simulation of ESEEM spectra for these and
other, previously studied [9], samples are tabulated in
Table 1; corresponding comparisons of the experimental
observations and X-ray crystallography based predictions
of selective-to-uniform ESEEM signal amplitude ratios
are summarized in Table 2.
Discussion
Selective-to-uniform signal amplitude ratios
Detailed simulation of experimental ESEEM peak ampli-
tudes has been established as a method for quantitatively
determining distances between selectively labeled nuclei
and the active site Mn2+ in p21. Relative distances can also
be assessed from comparisons of selective-to-uniform
signal amplitude ratios. These amplitude ratios are of
great utility — they provide a very simple means for
quickly determining relative electron–nuclear distances
and for testing simulation methodologies. Moreover, they
provide a means for rapidly gauging the agreement
between frozen solution structures probed by ESEEM
and, as exemplified here, crystal structures determined by
X-ray diffraction.
Relative distances 
Examination of the selective-to-uniform 15N ESEEM
amplitude ratios in p21.Mn2+GMPPNP indicates that the
15N of Ser17, well-established as a ligand to the metal ion,
constitutes 70% of the uniform 15N signal amplitude. The
predominance of the 15N-Ser17 contribution to the total
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Figure 5
Contribution (%) of selective nitrogen nuclei to the uniform 15N
ESEEM signal amplitude as a function of distance from Mn2+ in the
GMPPNP-bound state of p21. The contribution of a selective nucleus
to the uniform 15N signal amplitude is weighted by its crystal structure
distance from the active site as r–6. The number of nitrogen nuclei
contributing to each 0.5 Å distance cell is indicated above each
respective cell.
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Figure 6
Two-pulse ESEEM cosine transform spectrum of 13Cβ-Thr and
15Nε-Lys labeled p21.Mn2+GMPPNP. The peaks centered at 4.17 and
12.05 MHz are the 31P low frequency fundamental and sum
combination peaks, respectively. A 1H Zeeman peak is apparent at
14.18 MHz. The antiphase peak centered at 7.42 MHz is the 13C sum
combination peak. The 13C Zeeman peak is obscured by the low
frequency 31P fundamental peak. The spectrum was acquired at an
EPR excitation frequency of 10.432 GHz and field strength of
3330 Gauss. The experimental dead time was 205 ns.
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15N signal in the uniformly labeled sample indicates that
this residue must have a uniquely short metal–nitrogen
distance. The 15N of Thr35 constitutes only 13.2% of the
uniform 15N signal. By comparison to 15N-Ser17, it is
apparent that this residue cannot be similarly coordinated
to the metal ion. These two isotopic labels, together with
the 15Nε of Lys16, which contributes 10.5% of the total
15N signal, comprise nearly 94% of the total 15N signal in
the uniformly labeled sample. 
The relative sizes of the amplitude ratios are determined
by the relative distances of the 15N labels from the Mn2+
ion. Thus, because the 15N-Thr35 signal amplitude is 5.3
times less than that of 15N-Ser17, the distance from Mn2+
to 15N-Thr35 must be 32% greater than the distance to
15N-Ser17. Similarly, the distance to 15N-Thr35 must be
only ~4% less than the distance to 15Nε-Lys16. As noted
above, Ser17 is in the relatively rigid phosphate-binding
region of p21; residues in this region do not appear to
undergo substantial conformational fluctuations [15]. The
15N-Ser17 to Mn2+ distance of 3.9 Å (from both crystal [15]
and ESEEM [9] structures) can therefore be used as an
internal calibration from which absolute distances can be
computed from relative ESEEM amplitudes, without the
need for complicated computer simulations of the signal
amplitudes. In this manner, we determine the distances
from the Mn2+ to 15N-Thr35 and 15Nε-Lys16 to be 5.15 Å
and 5.35 Å, respectively. (Note that these values are in
excellent agreement with distances determined by
detailed simulation of the ESEEM amplitudes, vide infra).
These relative and absolute distance comparisons rein-
force the view that Thr35 is unlikely to be strongly ligated
to Mn2+ in the manner of Ser17.
Agreement between crystal and solution structures 
The agreement between the crystal and solution ESEEM
structures can be examined very simply by comparing a
selective-to-uniform signal amplitude ratio predicted
from the crystal structure with that observed experimen-
tally in the ESEEM spectra. The normalization factor
used in predicting selective ESEEM amplitudes (see
equation 1) involves the crystallographically determined
distances for all nuclei with the relevant isotopic label.
Thus, a discrepancy in any one of these distances will
have an impact on all amplitude ratio comparisons. This
effect is evidenced vividly in Table 2. Despite the fact
that the electron–nuclear distances determined by
ESEEM for the 15N of Ser17 and Lys16 are in excellent
agreement with the crystal structure (Table 1 and above),
the observed selective-to-uniform ratios are dramatically
different than those predicted from the crystal structure
(Table 2). Serine and lysine 15N nuclei are found to
account for a much larger fraction of the uniform ESEEM
amplitude than predicted from the crystal structure,
whereas a decreased contribution is observed for
15N-Thr35. The results are most simply understood as a
consequence of a more remote location of the Thr35
residue in the frozen solution than in the crystal structure.
This discrepancy is propagated (via the normalization
constant) to the selective-to-uniform amplitude ratios of
all observable 15N ESEEM signals. Thus, all of the
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Table 2
Comparison of selective-to-uniform signal amplitude ratios
determined from ESEEM spectra and predicted by X-ray data
for p21.GMPPNP.
Nucleus ESEEM ratios (%) X-ray ratios (%)
15N-Ser17 70.0 32.2
15N-Thr35 13.2 34.6
15Nε-Lys16 10.5 5.9
13Cβ-Thr35 7.5 27.3
Figure 7
Three-pulse ESEEM modulus transform spectrum of 13Cβ-Thr and
15Nε-Lys labeled p21.Mn2+GMPPNP. The value of the first interpulse
delay (τ = 416 ns) was chosen to express both 15N and 13C signals.
The peaks centered at 1.48, 3.79 and 14.84 MHz are the 15N, 13C and
1H Zeeman peaks, respectively. The low frequency 31P fundamental
peak is evident at 4.34 MHz. The spectrum was acquired at an EPR
excitation frequency of 10.431 GHz and field strength of 3486 Gauss.
The experimental dead time was 50 ns.
0 3 6 9 12 15 18
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Table 1
Comparison of selective nuclear distances from the divalent
metal ion determined from ESEEM spectra and from X-ray
data for p21.GMPPNP.
Nucleus ESEEM distances (Å) X-ray distances (Å)‡
15N-Ser17 3.9±0.2* 3.86
15N-Thr35 5.1±0.2* 3.81
15Nε-Lys16 5.3±0.25† 5.12
13Cβ-Thr35 4.3±0.2† 3.16
2Hβ-Thr35 4.9±0.2* ≤4.2
*Reference [9]. †This work. ‡Reference [15].
predicted selective-to-uniform ratios disagree with those
observed experimentally. 
Validity of the ESEEM spectral simulations 
Simulation of the ESEEM spectra involves a number of
complications and approximations. The high-spin multi-
plicity Mn2+ electron-spin system (S = 5/2) is treated as a set
of five, non-interacting, two-level systems. This approxima-
tion has been demonstrated to account for singular features
in ESEEM experiments of p21.GDP [8] by Larsen et al.
[21], but is not necessarily valid for systems with larger zero-
field (D) splittings. Examination of echo-detected EPR
spectra indicates that the zero-field interaction increases
from the GDP (D = 110 Gauss) to GMPPNP and GAP
complexed forms of p21. It is arguable whether the
observed zero-field interaction of 200 Gauss (G Reed, per-
sonal communication), arising from the more distorted
Mn2+ ligand field, in the GMPPNP state of p21 is small
enough to justify treatment at the approximate level of
Larsen et al. [21]. The validity of this treatment may,
however, be tested by comparing the ratios of, for example,
the 15N ESEEM selective-to-uniform signal amplitude tab-
ulated in Table 2 with those calculated on the basis of the
distances determined by ESEEM spectral simulations.
This comparison is tabulated in Table 3. The excellent
agreement between the ratios of the selective-to-uniform
amplitude ratios and the amplitude ratios calculated from
the simulation derived distances supports the validity of the
approximations used in the detailed simulations. It is
further worth noting that there is good agreement between
the crystal [15,22] and ESEEM structures [8,9] of p21 for
Asp57, Ser17 and Lys16 residues at the active site. Overall,
the only discrepancy between the X-ray crystal structure
and the ESEEM determined distances concerns the posi-
tion of Thr35. The fact that there is, generally, such good
agreement between techniques for both GDP- and
GMPPNP-bound protein states supports the validity of the
approximations made in the spectral simulations.
Comparison of frozen solution and crystal structures
The 4.3 Å distance from the metal ion to 13Cβ-Thr35 in
the frozen solution structure of p21.Mn2+GMPPNP is
much greater than the 3.16 Å found in the crystal structure
[15]. This 13C ESEEM distance is, however, consistent
with the distances from the metal ion to 2Hβ-Thr35
(4.9 Å) and 15N-Thr35 (5.3 Å), as derived from previous
ESEEM studies of selectively-labeled frozen solution
samples of p21 [9]. A 2.8 Å distance from Mn2+ to
Oγ-Thr35 is estimated from the 13Cβ-Thr35 to Mn2+
ESEEM distance and the crystal structure of threonine
[24]. A similar calculation based on the 2Hβ-Thr35 dis-
tance yields the same lower bound for the distance
between Oγ-Thr35 and Mn2+. A recent high frequency
EPR study of 17Oγ-Thr labeled p21.Mn2+GMPPNP also
indicates that this metal–oxygen bond is longer in frozen
solution (2.7 Å) than observed in the crystal structure [25].
This long metal–oxygen distance is not consistent with
the strong coordination observed in the GMPPNP-bound
crystal structure of p21 in which a Oγ-Thr35 to Mg2+ dis-
tance of 2.26 Å is observed [15]. Our ESEEM studies
suggest that Thr35 only weakly coordinates the metal ion
in frozen solution and is unlikely to drive the conforma-
tional change between GDP and GTP protein states.
There are several possible explanations for the discrep-
ancy between the crystal and frozen solution structures. It
is possible that, due to intermolecular crystal contacts
observed at p21 residues 28, 31, 32, 34 and 41 [26], the
1.35 Å resolution GMPPNP-bound crystal structure does
not faithfully represent the solution state structure. The
1.9 Å resolution 5′-guanylylmethylene diphosphate
(GMPPCP)-bound crystal structure of p21 [27], which is
in a different space group and has four independent mol-
ecules in the asymmetric unit, however, is in good agree-
ment with the GMPPNP-bound structure with respect to
the position of Thr35 — Cβ-Thr35 to Mn2+ distances of
3.12–3.37 Å and Oγ-Thr35 to Mn2+ distances of
2.24–2.32 Å are observed. All of the molecules, however,
do sustain some intermolecular interactions that could
perturb their structure. In particular, molecules B and C
even have significant contacts directly involving residues
30, 31, 32, 39 and 41.
Significant differences between crystal and solution struc-
tures have been observed for numerous proteins. For
example, the quaternary arrangement of the two subunits of
the interleukin-8 dimer differs between the X-ray crystal
and solution NMR structures; the two α-helices of the
dimers are closer together in the crystal structure [28]. Sub-
stantial differences in the helical structure of the human
complement protein C3a were also observed between the
X-ray crystal and solution NMR structures [29]. In the
NMR solution structure of α-bungarotoxin, both the
extended β-sheet structure and the orientation of Trp28
differ from the X-ray crystal structure [30,31]. These struc-
tural differences were all attributed to crystal contacts.
XAFS spectroscopy has been used to measure the confor-
mational changes around the transition metal-binding site
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Table 3
Comparison of experimental and simulation-derived 15N
selective label ESEEM amplitude ratios.
Selective labels Simulation* Experiment†
(residues i:j) (rj/ri)6 χi/χj
Ser17:Thr35 5.0 5.3
Ser17:Lys16 6.3 6.7
Thr35:Lys16 1.3 1.3
*Simulation values are calculated as the inverse sixth power of the ratios
of the electron–nuclear distances found by detailed simulation of the
ESEEM spectra. †Experimental values are the ratios of the selective-to-
uniform amplitude ratio (χ) for selectively 15N-labeled residues i:j.
(S1) of concanavalin A which are induced by crystallization;
the zinc ion in the S1 site is found to be hexacoordinate in
solution but tetrahedral in the crystal when the calcium-
binding site (S2) is occupied by calcium [32]. Similarly,
XAFS studies of Zn2+- and Co2+-carboxypeptidase A
revealed differences in the metal coordination spheres for
the solution and crystal structures — the ε2-oxygen of
Glu72 moves closer to the metal in the crystalline form due
to a rotation of Glu72 [33]. The XAFS studies clearly
demonstrate that significant structural perturbations can
occur upon crystallization. Finally, an X-ray crystallographic
study of 25 different crystal forms of T4 lysozyme found
that crystal contacts introduced perturbations of 0.2 to 0.5 Å
in the backbone structure of T4 lysozyme [34]. 
The low water content of the crystals (35% solvated for the
p21.GMPPNP crystal) could also give rise to differences
between the crystal and solution structures. A molecular
dynamics study of the solvated GTP-bound structure of
p21 by Diaz et al. observed large deviations from the start-
ing 1.5 Å resolution GMPPCP-bound crystal structure in
four main regions: residues 20–40, 60–75, 90–110 and
120–140 [35]. These regions of p21 are highly solvent
accessible and exhibit flexibility in the molecular dynam-
ics simulation. In addition, the loss of both inter- and
intramolecular hydrogen bonds upon solvation of p21 has
been observed in several molecular dynamics studies and
may lead to localized refolding of the molecule [26,35].
It is unlikely that the structural differences between solu-
tion and crystal structures of p21 arise from structural dis-
tortions in the frozen solution ESEEM samples due to
freezing. We have performed an extensive study of the
effects of different freezing methodologies on the struc-
ture of p21 (CJH, unpublished results). No differences in
the ESEEM determined electron–nuclear distances were
observed as a function of cooling rate; plunge and spray
freezing into different cryogens (none, glycerol, methyl α-
D-glucopyranoside and sucrose) did not result in any dif-
ferences in the ESEEM measured distances. In addition,
no differences in distances were observed as a function of
cryoprotectant concentration. The rapid freezing of
samples limits the conformational rearrangements which
can occur during freezing to those with fast rate constants
and, therefore, to those states with easily accessible ener-
gies. These protein freezing studies therefore suggest that
the frozen solution samples are good approximations of
the solution state.
The differences between crystal and frozen solution struc-
tures may be an indication of conformational heterogene-
ity in the solution structure of p21. Molecular dynamics
studies and solution NMR studies both provide evidence
for such conformational heterogeneity near the active site
of p21, in particular, in the effector region (residues 32–40)
and loop L4 (residues 59–65). The effector region dis-
played considerable motion in the molecular dynamics
simulations of both Foley et al. [26] and Diaz et al. [35]. A
loss of intermolecular crystal contacts between the effector
region and loop L4 and a weakening of the Thr35 inter-
action with the γ-phosphate of GTP, was observed [26]. A
recent NMR study by Hu and Redfield of 15N-aspartate
labeled p21 in the GMPPNP complexed state revealed
exchange broadening of the 15N resonances assigned to
Asp33 and Asp38 with increasing temperature [36], sug-
gestive of conformational heterogeneity in the effector
region. Similarly, in an earlier NMR study by Miller et al.
of 15N-isoleucine labeled p21, evidence for exchange
broadening of the 15N resonance assigned to Ile36 in the
effector region was observed; the 15N-Ile36 resonance
observed in the GDP-bound complex of p21 was lost in
the GMPPNP-bound complex [37]. In contrast, the
thermal B factors of the GMPPNP-bound and GMPPCP-
bound crystal structures of p21 suggest that the effector
region is fairly well-defined. The residues in the effector
region of the GMPPNP-bound crystal structure of p21
exhibit an alternating pattern of low and high B factors
with particularly low B factors for residues 28, 33, 34 and
35 which correspond to sites of intramolecular, nucleotide,
and/or metal contacts, suggesting intermediate flexibility
of the effector region [15]. In addition, the average
thermal B factors for the effector region of the four mol-
ecules of the GMPPCP-bound crystal are at approximately
the same level as the average values for the entire mol-
ecules [23]. The small root mean square differences
(rmsd) for the effector region Cα positions of the four
independent molecules of the GMPPCP crystal structure
(0.8–0.9 Å) indicate that the conformation in the effector
region is conserved between the different molecules
within the asymmetric unit. Good agreement for the effec-
tor region Cα positions was also found between the
p21–GMPPCP and p21–GMPPNP complexes upon visual
comparison [23]. Finally, the intermolecular crystal con-
tacts observed in the effector region of the GMPPNP and
GMPPCP crystal structures may lead to reduced mobility
of the effector region. The X-ray study of T4 lysozyme by
Zhang et al. indicates that lower thermal B factors are
obtained when the mainchain motion is constrained by
intermolecular crystal contacts and, in some cases, B
factors may no longer be representative of motion in solu-
tion [34]. A molecular dynamics study by Karplus and
Petsko also indicated that residues with intermolecular
crystal contacts have systematically low experimental
B factors [38]. Residues 28 and 34 of the GMPPNP–p21
complex, which are sites of intermolecular contacts,
exhibit such low B-factors as discussed above. 
In our analysis of the ESEEM data, we have implicitly
assumed that a single conformation is present. However,
even if multiple conformations are present in frozen
solution, our ESEEM data is still incompatible with the
crystal structure. To illustrate this point consider two
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conformations, A and B, with occupancies XA and XB, and
with 13Cβ-Thr35 to Mn2+ distances of rA and rB, respec-
tively. The allowed distances and occupancies of the two
conformations are constrained by the experimentally
observed modulation depth (k):
A conformation in which the 13Cβ of Thr35 is significantly
closer to the Mn2+ active site than 4.3 Å, estimated for a
single conformation, could only be obtained if the closer
Thr35 conformation was very sparsely populated. Due to
the 1/r6 weighting, the population (X) would need to
decrease dramatically with decreasing r to still give the
same modulation depth, k. For instance, only 10% of mol-
ecules could adopt the crystal structure conformation with
a 3.2 Å 13Cβ-Thr35 to Mn2+ distance, whereas the remain-
ing 90% of molecules would need to adopt a conformation
in which the 13Cβ-Thr35 to Mn2+ distance is 6.0 Å to give
the experimentally observed modulation depth. Our
ESEEM data is inconsistent with the X-ray crystal struc-
tures of p21 which suggest that a majority of molecules
reside in a conformation in which Thr35 tightly coordi-
nates Mn2+ in the GMPPNP complexed state. Our weak
Thr35 coordination in frozen solution may therefore be
indicative of either a more remote, well-defined, confor-
mation for Thr35 or of conformational heterogeneity of
the effector region. Either scenario disproves the argu-
ment that Thr35 coordination is energetically favorable
and drives the conformational change between protein-
–nucleotide states.
Function of Thr35
Although our frozen solution ESEEM studies suggest that
Thr35 does not drive the conformational change, mutage-
nesis studies clearly indicate that Thr35 plays an impor-
tant role in both signal transduction and GAP-stimulated
GTP hydrolysis. The Thr35→Ala mutant, which lacks the
hydroxyl group, is non-transforming [39] and its GAP-
dependent GTPase activity is abolished [40]. The
Thr35→Ser mutant, which lacks the methyl group, is non-
transforming, but still has a large fraction (5–60%) of the
GTPase activity [41]. When allothreonine is substituted at
position 35 the GAP-dependent GTPase activity is abol-
ished [42]. GAP and raf appear to be very sensitive to the
placement of the hydroxyl and methyl groups of Thr35. It
is possible that the longer Mn–Oγ bond to Thr35 in solu-
tion is recognized by GAP and raf, and is required for their
proper complexation to p21. It is also possible that the
amide group of Thr35, which forms a hydrogen bond to
the γ-phosphate of GTP in the crystal structure, plays the
important role in governing the conformational change
between nucleotide-bound states in this region of the
protein [15,23]. Finally, it is clear that GAP plays an
important role in promoting GTP hydrolysis in p21 — the
binding of GAP to p21 increases the GTPase 105-fold
[11,12]. Preliminary ESEEM studies of a p21-GAP
complex indicate that Thr35 coordinates the metal center
more tightly following GAP binding (CTF, unpublished
results) and therefore Thr35 may play a role in a GAP-
driven conformational change and nucleotide hydrolysis.
In addition, a glycine residue, tentatively assigned to
Gly60, is observed to move significantly closer to the
metal ion upon GAP binding to p21 and may play a pivotal
role in driving the conformational change and GTP
hydrolysis. A large disorder in the conformation of loop L4
containing Gly60 is observed in the p21–GMPPCP and
p21–GMPPNP crystal structures [15,23] and in the mol-
ecular dynamics simulations of solvated p21 [26,35]. The
role of GAP may be to stabilize the conformations of loop
L4 and the effector region.
An overview of ESEEM spectroscopy and the role of Thr35 
The strong distance selectivity of ESEEM spectroscopy
for nuclei weakly coupled to a paramagnetic center,
imparted by the 1/r6 amplitude weighting, in conjunction
with selective isotope labeling is ideally suited for charac-
terizing active-site structures of large molecular weight
proteins, membrane-bound proteins and protein–protein
complexes. In addition, the stark 1/r6 amplitude weighting
allows one to exploit the relative ease of labeling all amino
acids of a certain type rather than the selective labeling of
a single residue. Furthermore, the selective-to-uniform
signal amplitude ratios represent a simple technique for
quickly gauging the agreement between crystal and solu-
tions structures and for determining distances from
isotope-labeled residues to a paramagnetic active site
without the need for complicated computer simulations of
the ESEEM spectra. 
Our ESEEM studies of 13Cβ-Thr- and 15Nε-Lys-labeled
p21.Mn2+GMPPNP indicate that the frozen solution struc-
ture of p21 differs from the crystal structure for the posi-
tion of the pivotal residue, Thr35. From both a distance
determination, via simulation of the experimental 13C
signal amplitude, as well as a relative comparison of selec-
tive 13Cβ-Thr to uniform 13C labeled peak amplitudes, it
is clear that the 13Cβ of Thr35 must be more distant from
the Mn ion in p21.Mn2+GMPPNP than suggested by the
crystal structure. In contrast to the Thr35 result, the dis-
tance for 15Nε-Lys in this same sample is in good agree-
ment with the crystal structure. 
Biological implications
The G protein p21 ras acts as a molecular switch in the
signal transduction pathway for cellular growth and
differentiation. The growth signal is transmitted down-
stream by the activation of raf, a protein kinase, upon its
recruitment to the cell membrane by p21.Mg2+GTP [11].
Conversion from the growth-promoting Mg2+GTP state to
the quiescent Mg2+GDP state of p21 involves significant
[ ]k X r X r (2)A A6 B B6α − −+
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conformational changes in several regions of the protein
[11,12] and is normally promoted upon binding GAP
(GTPase-activating protein), which increases the intrinsic
GTPase rate 105-fold [11,12]. X-ray crystallographic
studies of the uncomplexed protein indicate that residue
Thr35 of p21 coordinates the active site metal (Mg2+) ion
in the growth-active, GMPPNP-bound, state but not the
resting, GDP-bound, state of p21 [15,22]. Based on this
finding it was suggested that Thr35 coordination drives
the conformational change associated with nucleotide
substitution and plays an important role in the GTPase
reaction itself. Our frozen solution ESEEM studies,
however, indicate that Thr35 is more distant in a frozen
solution structure (4.3 Å) than found in the GMPPNP-
bound crystal structure (3.16 Å) and therefore Thr35
only weakly coordinates the metal ion. The greater
13Cb-Thr to Mn2+ distance is consistent with the distances
from 15N- and 2H-Thr to Mn2+, observed in a previous
ESEEM study [9] and with the 17Og-Thr to Mn2+ distance
observed in a recent high frequency EPR study [25]. The
discrepancy between the frozen solution and crystal
structures of p21 may be due to either crystal contacts,
observed at residues 28, 31, 32, 34 and 41 of p21 in the
GMPPNP-bound structure [26], the low water content of
the crystal structure (only 35% solvated), or conforma-
tional heterogeneity of the effector region (residues 32–40)
in solution. 
In both the crystal and ESEEM structures, however, a
conformational change is observed in the effector region
which brings Thr35 closer to the metal ion in the
GMPPNP-bound state than in the GDP-bound state as
discussed previously [9]. Although the solution ESEEM
and the X-ray crystal structures are in qualitative agree-
ment for the conformational change between protein
states, the weak coordination of Mn2+ by Thr35 in the
GMPPNP-bound complex in frozen solution suggests
that Thr35 coordination is the consequence of, rather
than the driving force behind, the conformational
change between GDP- and GTP-bound states. 
It is clear from mutagenesis studies, however, that
Thr35 plays an important role in binding raf (required
for signaling) and the GAP (required for GTP hydroly-
sis). The Thr35→Ala mutant, which lacks the hydroxyl
group, is non-transforming [39] and its GAP-dependent
GTPase activity is abolished [40]. The Thr35→Ser
mutant, which lacks the methyl group, is non-transform-
ing but a large fraction of its GTPase activity is main-
tained [41]. When allothreonine is substituted at position
35 the GAP-dependent GTPase activity is abolished
[42]. Although these mutagenesis studies are consistent
with coordination of the metal by Thr35 in the GTP-
bound state of p21, they do not demand it as discussed
extensively previously [9,25]. GAP and raf appear to be
very sensitive to the placement of the hydroxyl and
methyl groups of Thr35. The interactions between p21
and other protein factors may involve recognition of the
long metal–oxygen bond between Mn2+ and Oγ-Thr35 in
p21.Mn2+GMPPNP.
Materials and methods
Protein synthesis and labeling 
The 13C, 15N and 2H selectively labeled samples were prepared as
described in a previous publication [9]. For p21 uniformly labeled with
13C and 15N, E. coli strain DH5α was transformed with the pTrc99C
plasmid [43] bearing the N-ras gene coding for residues 1–166 of
p21 and conferring ampicillin resistance. A culture was grown in Luria
broth, and the cells were centrifuged; the cells were then resuspended
and a portion of the resuspension was used to inoculate M9 medium
[44] to an A660 = 0.06. The M9 medium contained 2.0 g/L
[13C1,2,3,4,5,6]-glucose and 1.0 g/L 15NH4Cl (Cambridge Isotope Labo-
ratories). Transcription was induced by the addition of 1 mM final con-
centration IPTG at A660 = 0.40, and the cells were harvested at
A660 = 1.22. Because the labels were present in the medium prior to
the initiation of protein production, we assume that the level of enrich-
ment is 98% for both 13C and 15N. For selectively labeled samples, the
percentage incorporation of the isotopic labels into the amino acid
residues was determined by GC/MS of derivatives (Alltech) of the
amino acids that were obtained by complete hydrolysis of the protein
[9]. GDP protein samples were converted into the Mn2+ form by dialy-
sis against buffer containing 1–5 mM MnCl2 and GDP. This procedure
leads to approximately stoichiometric incorporation of the Mn2+ into
p21 [8]. The GMPPNP complexed samples of p21 were prepared as
described by Halkides et al. [9]. No significant amount of unbound
Mn2+ was detected by EPR spectroscopy. ESEEM experiments were
carried out, on liquid nitrogen plunge-frozen samples, at 4.2K with p21
concentrations of ~0.5 mM and a sample volume of ~0.1–0.2 ml. All
samples contained glycerol (50% by volume) or methyl α-D-glucopyra-
noside (15% by weight) to inhibit the formation of ice crystals and
protein aggregation during freezing. The protein retains 70% of its
GAP-dependent GTPase activity in the presence of cryoprotectant [9].
Furthermore, the substitution of Mn2+ for Mg2+ leads to a threefold
increase in the GAP-dependent GTPase activity [9].
ESEEM spectroscopy 
A home-built ESEEM spectrometer, described previously [45], was used
to acquire all the time domain spin-echo modulation patterns. ESE exper-
iments were performed at an excitation frequency of ~10 GHz using a
three-loop, two-gap resonator. ESEEM patterns were acquired via irradia-
tion at peak maxima of the Mn2+ hyperfine EPR spectrum. Typical dura-
tion of the pi/2 pulse at X-band was 20–30 ns (Litton TWTA, Model 624,
8–18 GHz, 1 kW). All ESEEM experiments were performed at 4.2K,
liquid He temperature, through the use of a low temperature cryostat
(Andonian Cryogenics). The magnetic field was calibrated with a Micro-
Now Instruments, model 515B-1, gaussmeter. Spectral analysis was
carried out on an IBM PC employing a program described elsewhere
[46]. The two pulse spin-echo modulation patterns consisted of 256
points acquired at 15 ns intervals. Three pulse, stimulated echo, modula-
tion patterns consisted of 256 points acquired with a 30 ns step size.
The time domain modulation patterns were normalized and a polynomial
decay function was fit to the zero-frequency decay and subsequently
subtracted from the data. To mitigate dead time artifacts the data were
tapered with an extended cosine-bell function and zero filled to 512 data
points prior to Fourier transformation.
Simulations of ESEEM spectra 
Numerical simulations of the experimental ESEEM spectra were carried
out, as discussed previously [21]. As elaborated in the discussion, the
S = 5/2 Mn2+ system is treated as a set of five non-interacting two-level
systems. The ESEEM frequencies and amplitudes are calculated
according to the theory of Mims [17,47] for each two level system. The
contribution of each two level system to the total ESEEM amplitude is
then weighted by the intensities of the respective EPR transitions [21].
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An ESEEM amplitude weighted frequency histogram is then generated.
To mimic the experimental conditions the frequency histogram is
reverse Fourier transformed and a time domain, equal to the experimen-
tal dead time, is deleted from the initial portion of the transformed
spectra. The simulated data then undergoes the same processing as
the experimental spectra discussed above.
Prediction of ESEEM signal amplitudes 
The analysis of the distribution of nuclei about the paramagnetic center
for the two states of p21 is based on the X-ray crystallographic struc-
tures determined by Tong [22] (GDP-bound p21) and Pai [15]
(GMPPNP-bound p21). The ESEEM amplitude plots were obtained by
weighting each nucleus by its 1/r6 ESEEM amplitude weight, as dis-
cussed earlier. When comparing uniform and selective isotope label
ESEEM signal amplitudes, we corrected for differences in isotope
enrichment, spectrometer excitation frequency and, in three-pulse
experiments, differences in inter-pulse delays. 
Supplementary material
Supplementary material contains a figure of the 13C-Thr35 to Mn2+ dis-
tances, rA and rB, for a two conformational state model that are consis-
tent with the experimentally observed electron spin echo modulation
depth of 13C-Threonine labeled p21.Mn2+GMPPNP.
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